The assembly of protein filaments drives many cellular processes, from nucleoid segregation, growth, and division in single cells to muscle contraction in animals. In eukaryotes, shape and motility are regulated through cycles of polymerization and depolymerization of actin cytoskeletal networks. In bacteria, the actin homolog MreB forms filaments that coordinate the cell-wall synthesis machinery to regulate rod-shaped growth and contribute to cellular stiffness through unknown mechanisms. Like actin, MreB is an ATPase and requires ATP to polymerize, and polymerization promotes nucleotide hydrolysis. However, it is unclear whether other similarities exist between MreB and actin because the two proteins share low sequence identity and have distinct cellular roles. Here, we use all-atom molecular dynamics simulations to reveal surprising parallels between MreB and actin structural dynamics. We observe that MreB exhibits actin-like polymerization-dependent structural changes, wherein polymerization induces flattening of MreB subunits, which restructures the nucleotide-binding pocket to favor hydrolysis. MreB filaments exhibited nucleotide-dependent intersubunit bending, with hydrolyzed polymers favoring a straighter conformation. We use steered simulations to demonstrate a coupling between intersubunit bending and the degree of flattening of each subunit, suggesting cooperative bending along a filament. Taken together, our results provide molecular-scale insight into the diversity of structural states of MreB and the relationships among polymerization, hydrolysis, and filament properties, which may be applicable to other members of the broad actin family.
T he cytoskeletal protein MreB, a structural homolog of eukaryotic actin (1) , is essential for cell-shape determination in many rod-shaped bacteria. Inhibition of MreB causes uncontrolled cellwall insertion and eventual cell lysis (2, 3) . Dozens of single-residue substitutions in MreB have been found to confer subtle shape changes, such as precise tuning of cell width, without negatively affecting growth rate or viability (4) (5) (6) . Because emerging evidence suggests that MreB guides the patterning of cell-wall synthesis (7) (8) (9) , it has become increasingly important to uncover the molecular factors that govern the structural and mechanical properties of MreB. Like actin, MreB is an ATPase, with four subdomains surrounding a nucleotide-binding pocket (1) . However, MreB and actin share only 15% residue identity, mostly between conserved ATPase motifs common to the actin superfamily (10) . Although both actin and MreB regulate cell shape, actin forms dynamic, branched cytosolic networks (11) , whereas MreB forms distinct, stable filaments in vitro (12) and associates with the membrane in vivo to coordinate cell-wall elongation in many rod-shaped bacteria (13) . Thus, the validity of inferring MreB filament properties from the extensive structural knowledge of actin is unclear.
Although ample experimental efforts have shed light on the biochemical and cellular properties of MreB, some seemingly conflicting data and the lack of molecular-level knowledge of MreB structural dynamics impede a full understanding of the mechanism by which cell shape is controlled. In vitro, MreB polymerizes into filaments that can bind liposomes and cause inward indentations indicative of stiff, preferentially curved filaments (14) . However, other studies have observed long, straight filaments (15) or a combination of straight and curved filaments (1, 12, 16, 17) , suggesting that experimental conditions may affect filament curvature, or that MreB filaments might adopt multiple conformations. In vivo, MreB binds to the cytoplasmic face of the inner membrane as distinct diffraction-limited puncta (18) or filaments (19) of unknown structure.
Understanding the structural dynamics of MreB filaments requires a method with atomic resolution that can capture molecular behavior. Here, we examine the conformational dynamics of MreB assembly from monomer to dimer in various nucleotidebinding states using all-atom molecular dynamics (MD) simulations. MD simulations have previously elucidated the polymerization-and hydrolysis-dependent structural transitions of various prokaryotic and eukaryotic cytoskeletal proteins (20) (21) (22) (23) (24) (25) . For the bacterial tubulin homolog FtsZ, MD simulations predicted a hydrolysis-dependent filament bending (24) that was later validated by X-ray crystallography (22) . In the case of actin, MD simulations have shed light on the structural transition between ATP-bound "globular" actin (G-actin) and models of polymerized ADP-bound "filamentous" or "fibrous" actin (F-actin) (26) .
In our simulations, we found that the structural dynamics of MreB polymer assembly exhibits remarkable parallels with actin polymerization. Specifically, simulated MreB monomers adopt conformations that deviate significantly from crystallized protofilaments, and the subsequent polymerization introduces flattening of the polymer subunits, a process also observed in actin.
Significance
Cytoskeletal filaments drive many dynamic cellular processes, such as the regulation of shape by actin networks in eukaryotes and by the actin homolog MreB in rod-shaped bacteria. Here, we use allatom molecular dynamics simulations to demonstrate close parallels between the conformational dynamics of actin and MreB, in which polymerization induces flattening of MreB subunits that restructures the ATP binding pocket to promote hydrolysis. We also find that ATP-bound MreB filaments are substantially more curved than ADP-bound filaments, and this bending is highly correlated with the degree of flattening of the subunits. Our results provide molecular-scale insight into the diverse structural states of MreB during its assembly process, revealing properties that may be general to the broad actin family.
As with actin, MreB polymerization restructures the nucleotidebinding pocket into a configuration that promotes nucleotide hydrolysis. MreB dimers also exhibit nucleotide-dependent mechanical properties, wherein ATP-bound dimers are substantially more curved than ADP-bound dimers. We demonstrate that intersubunit bending is coupled to the flattening of MreB subunits, suggesting that polymer bending may be highly cooperative along a filament. These results provide a simple interpretation to reconcile the different MreB filament structures, straight and highly bent, obtained from in vitro experiments (1, 12, 15, 17) . Furthermore, our results provide a molecular-scale framework for interpreting the mechanisms underlying cell-shape changes owing to perturbations of MreB structure. Finally, the high degree of parallels in the assembly of MreB and actin suggest that the structural dynamics of actin family proteins may be broadly conserved.
Results
Polymerization Causes Flattening and Closing of the MreB Monomer.
To interrogate the first step in protofilament assembly of MreB monomers, we performed all-atom MD simulations of MreB as a monomer and a dimer bound to ATP ( Fig. 1 A and B ; simulations 1 and 2, Table S1 ; and Methods). Simulations were initialized either from the crystal structure of the MreB protofilament from Thermotoga maritima (PDB ID code 1JCG) (1) or from equilibrium structures obtained in our simulations starting with the same crystal structure. All unconstrained simulations were performed until an equilibrium structure was reached (55-130 ns; Methods). By analogy with actin, we refer to our MreB monomer and dimer structures as G-MreB and F-MreB, respectively, and distinguish the two subunits in a dimeric F-MreB as the (+) and (−) ends (Fig. 1B) . The four subdomains of MreB subunits are defined by convention ( Fig. 1C and Table S2 ).
In all simulations of monomeric G-MreB, the IB and IIB subdomains rapidly hinged away from each other and formed a stable conformation with an open and sheared structure ( Fig. 1 C and D and Movie S1). The structural changes within a monomeric MreB can be quantified by measuring the center-of-mass positions of the four subdomains, allowing for the definitions of two inner opening angles and a dihedral angle Φ (Fig. 1 C and D) (25) . In our simulations, ATP-bound G-MreB stabilized at a dihedral angle of Φ ≈ 30°at the end of a 55-ns simulation (Fig. 1E, orange trace) , an angle substantially larger than that seen in the MreB protofilament crystal structure (11°). In our simulations with dimeric F-MreB bound to ATP (Fig. 1B) , both subunits maintained a smaller dihedral angle (Φ ≈ 22°; Fig. 1F and Fig. S1 ), indicating that F-MreB is inherently flatter than G-MreB.
By comparison, actin also exhibits a well-characterized polymerization-induced shift in its dihedral angle (25, 26) . Specifically, G-actin structures display a dihedral angle of 21-24°and flatten to 4-10°upon polymerization into F-actin (25) . Given the large difference in dihedral angles between G-MreB and F-MreB, we hypothesized that, like actin, polymerization of a newly incorporated G-MreB monomer would lead to a decrease in its dihedral angle to a flatter F-MreB configuration. To test this hypothesis, we performed a simulation mimicking the polymerization process by placing an equilibrium structure of G-MreB onto the (+) end of an MreB subunit initialized from the protofilament crystal structure. Despite the large difference in initial structures, the two proteins remained attached for the full simulation duration of 66 ns, and the (+) subunit that was initially in a G-MreB configuration rapidly flattened back to the dihedral angle of the (−) subunit at ∼17° (Fig. 1E , blue trace and simulation 3, Table S1 ). The (−) subunit remained in an F-MreB configuration with its dihedral angle also fluctuating around 17° (Fig. 1E, red trace) . Thus, our simulations reveal that, like actin, MreB undergoes reversible monomer flattening upon polymerization.
Although the adsorbed subunit flattened rapidly over the time course of this simulation, it maintained the G-MreB open configuration, as measured by the average of the two opening angles (Fig.  S2 C and D) . Interestingly, in one repeat simulation of ATP-bound F-MreB, the (+) subunit transiently adopted a G-MreB-like open conformation before returning to a stable, closed conformation. In all simulations of F-MreB initialized from the MreB crystal structure, MreB subunits equilibrated to a closed state, suggesting that the adsorbed subunit would close in an extended simulation. ) is required for the in vitro polymerization of MreB (1, 12, (15) (16) (17) and actin (11) and has been hypothesized to stabilize the bound nucleotide (27) . To determine the effects of Mg 2+ on the structural dynamics of MreB monomers, we performed simulations of MreB as a monomer or dimer bound to ATP with the chelating Mg 2+ ion removed ( Fig. 2 and simulations 4 and 5, Table S1 ). Whereas the γ-phosphate of ATP remained coordinated with the Mg 2+ ion throughout the simulations in which Mg 2+ was present ( Fig. 2A) , the rmsd of the ATP γ-phosphate increased by approximately eightfold in the absence of Mg 2+ (Fig. 2B ). In one dimer simulation performed in the absence of Mg 2+ , an ATP molecule fully dissociated from the binding pocket ( Fig. S3 and Movie S2). These data reinforce the notion that a divalent cation such as Mg 2+ or Ca 2+ plays an important structural role in stabilizing ATP in the nucleotide-binding pocket of MreB. have demonstrated that the ATPase activity of MreB occurs only after polymerization (12, (15) (16) (17) . In actin, polymerization leads to a 40,000-fold increase in the rate of hydrolysis (28) . Previous MD simulations of F-actin indicated that polymerization-induced flattening of the protein promotes hydrolysis by coordinating water molecules and catalytic side chains with the ATP γ-phosphate, and by stabilizing the ATP β-phosphate, which acts as the leaving group during hydrolysis (25, 29) . Given the large number of conserved hydrolytic residues between actin and MreB (1), we compared catalytic water coordination and β-phosphate stability in our simulations of G-and F-MreB. We observed a similar restructuring of catalytic residues around ATP in F-MreB simulations (Fig. 3A) , including E131, a highly conserved residue in MreB equivalent to Q137 in actin that has been implicated in hydrolysis promotion (26) . This restructuring was coincident with the stabilization of a network of catalytic water molecules around the chelating Mg 2+ ion (Fig.  3A) . In contrast, water did not form a well-defined network in simulations of G-MreB bound to ATP (Fig. 3B) . The rmsd values of the β-phosphate were larger in the case of G-MreB compared with F-MreB and also exhibited a wider distribution (Fig. 3C) . Our results therefore suggest that the promotion of ATP hydrolysis upon MreB polymerization follows molecular restructuring similar to that proposed for actin.
Bending of MreB Dimers Is Nucleotide-Dependent. Nucleotide identity regulates the structural properties of actin filaments, with ADP-bound filaments exhibiting lower stiffness than ATP-bound filaments (30) . To probe the effects of nucleotide identity on F-MreB structures, we performed MreB monomer and dimer simulations with each subunit bound to either ATP or ADP. The replacement of ATP with ADP resulted in flattening in G-MreB and both F-MreB subunits ( Fig. S1 and simulations 6 and 7, Table  S1 ). We also observed intermolecular bending between F-MreB subunits, which was more substantial in the ATP-bound case than in the ADP-bound case (Fig. 4A) . To quantify the mechanical properties of MreB dimers, we measured the relative orientation between the (+) and (−) subunits using three Euler angles, which can be interpreted as two orthogonal bending directions (θ 1 and θ 2 ) and twist along the axis of the filament (θ 3 ) (Methods and Supporting Information). We define zero bending and twisting to be the configuration adopted by the crystal structure (1) . Most of the bending in our simulations occurred around a single axis (θ 2 ; Table S3 ). The intrinsic curvature of the MreB dimer measured by θ 2 was nucleotide-dependent, with ATP-bound F-MreB bent at ∼26.0°(corresponding to a radius of curvature R = 10 nm, because each MreB is ∼5 nm along the filament axis), whereas the ADP-bound F-MreB was bent at ∼8.6°(R = 30 nm; Fig. 4B ).
Both nucleotide conditions in the MreB dimer simulations led to approximately equal bending stiffness as characterized by the width of the θ 2 spectrum, corresponding to a spring constant for bending of k = k B T/σ 2 = 196 k B T/rad 2 at T = 310 K. As a complementary estimate of dimer stiffness, we calculated the Young's modulus for filament stretching from the distribution of distances between the center-of-mass positions of the two subunits. We found nearly identical values of 1.7 GPa for ATP-and ADP-bound F-MreB dimers ( Fig. S4 and Supporting Information), a value comparable to that of actin double filaments (1.9 GPa) (31) and energetically sufficient to orient membrane-bound filaments along the circumference of the cell according to a theoretical study (32) . We note that stretching would likely be a dominant contributor to the bending stiffness of higher-order MreB structures such as double filaments.
To test whether the observed change in dimer filament structure was caused by differences in the stability of the monomer-monomer interface, we compared the subunit interface contact area. Specifically, we calculated the buried solvent-accessible surface area (Methods and Supporting Information) for both nucleotide states of F-MreB and found that they were similar in value and variation (Fig. S4) . Therefore, we propose that nucleotide hydrolysis causes further subunit flattening and straightens the polymer without destabilizing the monomer-monomer interface.
Subunit Flattening Is Inversely Correlated with Bending of the MreB
Dimer. Closer inspection of trajectories from our F-MreB dimer simulations revealed a strong correlation between the dihedral motion of the (−) subunit and the bending of the dimer (Fig. 5A and Fig. S5 , Pearson's P = 0.76, highly significant), suggesting that the two motions may be inherently coupled. To test this hypothesis, we performed MD simulations in which the dihedral angle of the (−) subunit was steered to different values, starting from the equilibrium value of the dihedral angle observed for ATPbound F-MreB (Φ = 23°) (simulations 8-10, Table S1 ). When the dihedral angle of the (−) subunit was steered from Φ = 23°to either Φ = 16°or 11°over 1 ns, the bending of the dimer quickly attained a new value from θ 2 = 24°to θ 2 = 13°and 2°in simulations 8 and 9, respectively (Fig. 5B , green and red traces and Fig.  S6 and Movie S3). By contrast, when the dihedral angle of the (−) subunit was instead constrained to its initial value (simulation 10, Table S1 ), the bending remained around 24° (Fig. 5B, blue trace) . These results indicate that the intersubunit bending motion can be inversely modulated by the dihedral motion of the (−) subunit.
As we reported above, when an equilibrium G-MreB structure was adsorbed onto a flat subunit, both subunits adopted comparable dihedral angles (Fig. 1F and simulation 3 , Table S1 ). To test whether this behavior was more general, we repeated this simulation while constraining the (−) subunit to three different dihedral angle values (Φ = 11°, 16°, and 21°; simulations 11-13, Table S1 ). In each case, the equilibrium dihedral angle of the (+) subunit adopted the value of the (−) subunit (Fig. 5C ). Given this observed bias of the (+) subunit dihedral angle by the (−) 
ns). Stable catalytic water networks (arrows) form in F-MreB (A) but not G-MreB (B). (C)
The β-phosphate of ATP is associated with a lower and more stable rmsd in F-MreB than in G-MreB; a stabilized hydrolytic leaving group can help promote ATP hydrolysis upon polymerization.
subunit, if a third subunit is added onto the (+) end of the dimer, its dihedral angle should be biased by the flatness of the (−) end monomer. More generally, our results suggest that subunit dihedral angle, which is coupled to intersubunit bending ( Fig. 5 A  and B) , can cooperatively propagate from the (−) subunit to the (+) subunit in an MreB filament. Cooperative changes in stiffness have been observed in F-actin (11), although the molecular mechanism of transduction along the filament is unknown. Taken together, our MreB dimer simulations suggest that nucleotide identity (ATP or ADP) affects the dihedral angle of the MreB subunits, and this intramolecular conformation determines the properties of an MreB polymer by biasing both the intersubunit bending and the dihedral angles of subsequent subunits.
To generalize our observations to higher-order MreB polymers, we conducted a simulation of an ATP-bound F-MreB trimer initialized from the protofilament crystal structure (simulation 14, Table S1 ). The trimer remained stable over the time course of the simulation and also exhibited coupling of monomer unflattening and intersubunit bending, consistent with our dimer simulations (Fig. S7) , suggesting that the filament dynamics that we have observed in dimers exist in higher-order structures of MreB.
Discussion
For the challenge of understanding the role of the prokaryotic actin homolog MreB in coordinating cell-wall synthesis in many rod-shaped bacteria, our simulations provide key insight into the structural properties of MreB at the molecular and polymer length scales. Our simulations elucidate important rules in the first steps of the MreB assembly process: Polymerization introduces conformational changes in MreB subunits that drive hydrolysis, and the subsequent change in nucleotide identity leads to a shift in polymer orientation through coupled motions between subunit flattening and intersubunit bending (Fig. 6) . Our results are generally applicable for different species of MreB and are relevant to its cellular roles for three reasons. First, higher-order assembly of MreB is preceded by dimerization of subunits. Second, our results derived from dimer simulations are recapitulated in a simulation of an F-MreB trimer (Figs. S2 and S7). Third, while our simulations were based on the structure of Thermotoga maritima MreB, its interfacial and nucleotideproximal residues most relevant to our observations are highly conserved in MreB from other Gram-negative model organisms (Supporting Information).
The different degree of bending between ADP-and ATPbound dimers (Fig. 4B ) suggests a simple model of MreB assembly (Fig. 6 ) that potentially reconciles the varied MreB filament architectures reported in in vitro studies. Initial studies of MreB architecture using electron microscopy described a combination of straight filaments, planar sheets, and tightly curved arcs (1, 12, 16, 17) . Hydrolysis did not occur immediately in these reports, with incomplete hydrolysis reactions later attributed to inhibitory salt conditions (15) . Our simulations suggest that this mixed population of structures represents the two nucleotide states of straight, ADP-bound and curved, ATP-bound filaments. Moreover, the extended straight and curved regions within filaments from these studies support the prediction of our simulations that the bending of a filament is cooperatively driven by coupling between the subunit dihedral angles (Fig. 5C ). Consistent with our hypothesis of hydrolysis-driven polymer straightening, more recent studies in which hydrolysis occurred to stoichiometric completion reported only straight MreB filaments (15); in contrast, when bound to nonhydrolyzable nucleotide analogs such as adenosine 5′-(β,γ-imido)triphosphate (AMP-PNP), MreB filaments are exclusively bent or tightly wound, with no straight filaments reported (14, 17) . Taken together, our simulations suggest that any subpopulation of curved filaments observed via in vitro electron microscopy is composed of segments within the polymers that have not hydrolyzed.
Although MreB has been observed to form micrometer-long polymeric structures in vivo on the inner membrane (9, 19) and in the cytoplasm (14) , other studies reported only diffractionlimited puncta (7, 8) , and the native structure of MreB in the cell remains unknown. The strong conformational dependence of F-MreB on the identity of the bound nucleotide in our simulations indicates that in vitro assays using nonhydrolyzable ATP analogs might provide an incomplete picture of how MreB mechanically stiffens the cell (13, 33) and deforms membranes (14) , especially considering that MreB may be predominantly bound to ADP in the cell (15) . Our results suggest that the hydrolysis state of MreB must also be considered; for example, binding of a curved, ATP-bound MreB filament to the relatively flat membrane could straighten the filament and promote hydrolysis or drive preferential binding of MreB to regions of specific membrane curvature (32) . Nucleotide state might also affect the affinity of MreB for other proteins, as observed between actin and actin-binding proteins (34) . Ultimately, cell shape is determined by a complex set of interactions among the A B (Table S3) . subunit is highly correlated with the bending angle (Pearson's P = 0.76, highly significant) in unconstrained simulations of F-MreB. (B) Continuously moving ("steering") the dihedral angle of the (−) subunit from 23°to either 16°or 11°results in a reduction in the intersubunit bending of the dimer, whereas constraining the (−) dihedral angle at 23°maintained the initial bending angle, demonstrating inverse coupling between the flatness of the (−) subunit and bending of the dimer. The steered value of the (−) subunit and mean dimer bending are given above each bending distribution. (C) In simulations where an equilibrium monomer structure of MreB was placed on a subunit with a constrained dihedral angle of 11°(green dashed line), 15°(red dashed line), or 21°(blue dashed line), the dihedral angle of the adsorbed (+) subunit was biased to a similar value (respective solid distributions). The constrained dihedral value of the (−) subunit and the average dihedral value of the (+) subunit are given above each curve.
cell envelope, the wall-synthesis machinery, and MreB (9, 35, 36) . Our results outlining the critical first step of MreB assembly provide a molecular framework for understanding how MreB and MreB-associated proteins determine cell shape. Future studies can incorporate MreB-associated proteins such as RodZ (37, 38) to understand how they interact with MreB filament mechanics and contribute to cell shape maintenance.
Previously identified MreB mutants that lead to varied MreB localization phenotypes and cell morphologies can be used to demonstrate the utility of our results for interpreting MreB behavior in cells. For example, the Caulobacter crescentus MreB D16G mutant likely has impaired hydrolysis activity based on the importance of D16 as a conserved hydrolytic residue. In these cells, MreB mislocalizes at the cell poles, which have a higher degree of curvature than the rest of the cell body (4). This observation is consistent with our prediction that ATP-bound MreB filaments have higher intrinsic curvature and hence prefer a more curved surface (Fig. 4B) . In addition, a recent study has found that fluorescent-protein fusions to Escherichia coli wild-type MreB localize in a curvature-dependent manner, targeting growth to regions of low mean curvature to straighten bent regions of the cell (39) . Finally, given that mutations in the nucleotide-binding pocket (40) have been shown to alter cell width in E. coli, we speculate that altered MreB filament properties such as curvature and stiffness may be directly responsible for transducing these changes in cell morphology, for example by changing MreB localization and the subsequent patterning of cell-wall growth in the cell (32, 39) . How the pattern of cell-wall synthesis determines and maintains cell shape remains to be understood.
The structural dynamics and mechanics of MreB polymerization seem to have close parallels to its eukaryotic counterpart, actin. Like actin, MreB polymerization induces monomeric flattening (Fig. 1E) , followed by the molecular reorganization of the nucleotide-binding pocket to promote hydrolysis (Fig. 3) (25, 26) . Our observation of well-defined open and closed states of monomeric MreB (Fig. 1C and Fig. S2 ) parallels a growing consensus in the actin field that stable open states exist in actin even without interaction with actin-binding proteins, and that these states might play important physiological roles (41) . It will be intriguing to probe whether our observation of direct coupling between subunit flatness and polymer bending (Fig. 4B ) also exists in F-actin filaments. The similarities between MreB and actin revealed in our study encourage the pursuit of further illumination of MreB structural dynamics through the existing breadth of actin knowledge.
A previous cryo-electron microscopy study has suggested that MreB can form short double protofilaments that seem to be relatively untwisted (14) , unlike the interwoven structure of actin filaments (26, 42) . Our F-MreB simulations exhibited small twist angles (Table S3 ), suggesting that longer MreB double filaments might form slightly twisted protofilaments, as has been observed in vitro for E. coli MreB (43) . With further description of the structure of an MreB double protofilament, the mechanical parameters extracted from our dimer simulations can be used to infer the properties of higher-order MreB assemblies, and how those properties might change upon genetic perturbation of the MreB subunits.
Beyond MreB, at least seven bacterial actin-related proteins are known to polymerize into filaments, and assembly properties of bacterial actin-related proteins seem to be conserved even when amino acid sequences are highly disparate (44) . Although the roles of these proteins vary widely, including cell-wall synthesis (MreB), plasmid segregation (ParM) (45) , and organization of membrane invaginations (MamK) (46) , our results open the possibility that structural principles of polymerization are well conserved across the actin family. Interestingly, many of the conformational dynamics of the highly conserved division protein FtsZ, a tubulin homolog and GTPase, are in sharp contrast with those of MreB. For example, there is little nucleotide-dependent monomer structural variation in FtsZ, and, like tubulin, nucleotide hydrolysis induces bending in FtsZ rather than straightening for the case of MreB (22, 24) . In general, the actin and tubulin families serve complementary cellular roles in both prokaryotes and eukaryotes, perhaps by invoking orthogonal molecular principles. Ultimately, our study reinforces the importance of computational studies in revealing potentially conserved structural dynamics across protein families.
Methods
Equilibrium MD. All simulations were performed using the MD package NAMD (47) with the CHARMM27 force field (48, 49) . Water molecules were described with the TIP3P model (50) . Long-range electrostatic forces were evaluated by means of the particle-mesh Ewald summation approach with a grid spacing of <1 Å. An integration time step of 2 fs was used (51) . Bonded terms and short-range, nonbonded terms were evaluated at every time step, and long-range electrostatics were evaluated at every other time step. Constant temperature (T = 310 K) was maintained using Langevin dynamics, with a damping coefficient of 1.0 ps
. A constant pressure of 1 atm was enforced using the Langevin piston algorithm (52) with a decay period of 200 fs and a time constant of 50 fs. Steering of the dihedral angle was achieved by introducing collective forces to constrain the dihedral angle to a defined value through the collective variables functionality of NAMD (47) .
Simulated Systems. Fourteen MD simulations were performed as described in Table S1 . For simulations initialized from an MreB crystal structure, the crystallographic structure of T. maritima MreB bound to AMP-PNP (PDB ID code 1JCG) (1) was used, and the bound AMP-PNP was replaced with ATP or ADP. Water and neutralizing ions were added around each monomer, dimer, or trimer, resulting in final simulation sizes of up to ∼140,000 atoms. All unconstrained simulations were performed for ∼55-130 ns, except in simulations without Mg 2+ , in which the nucleotide was unstable. All steered and constrained simulations were run until equilibrium was reached. Setup, analysis, and rendering of the simulation systems were performed with the software VMD (53) . For average values and distributions of measurements, only the last 30 ns of each of the simulation trajectories were used. To ensure that the simulations had reached equilibrium, measurement distributions were fit to a Gaussian. A satisfactory fit implies that the system is located within an energy well approximated by a harmonic potential. All simulation systems except the trimer were repeated at least twice, and repeat simulations gave similar results.
Determination of Filament Mechanical Properties. Relative bending orientations of dimer subunits were calculated by determining the rotational transformation required to align the subunits (Supporting Information). The elastic moduli of dimer simulations were measured from the distribution of bending orientations or the distance between the centers-of-mass (Supporting Information). As a measure of the size of a monomer-monomer interface, we calculate buried solvent-accessible surface area (SASA), which is defined as half the difference between the SASA of both subunits alone and the SASA of the entire dimer (24 
